ABSTRACT: Dielectric data on the local segmental relaxation of amorphous poly(vinyl acetate) (PVAc) are analyzed. At atmospheric pressure, the fragility (Tg-normalized temperature dependence) is invariant to molecular weight. Since the fragility is also independent of pressure, the combined temperature and pressure dependences of the relaxation times can be analyzed using the Avramov model of structural relaxation. This entropy model gives a satisfactory description of the data and yields an expression for the pressure dependence of the dynamic glass transition identical to the empirical Andersson equation. Although in principle the Avramov model parameters can be deduced from measurable thermodynamic properties of the glass-former, the results are at odds with the values obtained from fitting the relaxation times for PVAc. Using pressure-volume-temperature data, the respective contributions of thermal energy and volume to the local dynamics in PVAc were assessed. Specifically, we calculate the ratio of the isochoric to isobaric apparent activation energies. The obtained value, ≈0.6 at atmospheric pressure just above T g, indicates that temperature and volume both govern to a significant degree the relaxation times. This result is supported by a comparison of the relative magnitude of the isobaric and isochronal thermal expansion coefficients. These properties of PVAc are similar to those of other nonassociated polymers and glass-forming liquids and can be shown to be weakly correlated with the degree of super-Arrhenius behavior.
Introduction
The transition of a liquid or polymeric melt into the glassy state can be effected by cooling as well as by the application of hydrostatic pressure. A striking feature of liquids approaching their glass temperature is the development of a strongly non-Arrhenius temperature dependence of the relaxation times, τ. Whereas at high temperature, local relaxation is a thermally activated process, near T g , densification and the consequent molecular crowding effect strong intermolecular cooperativity (many-body interactions) and heterogeneous dynamics. The fundamental mechanisms underlying the glass transition continue to be studied and vigorously debated. The topic is of obvious importance, including the fact that understanding the glass transition can provide better understanding of the glassy state itself.
Because glass-forming liquids and polymers display complex properties, a variety of methods have been brought to bear in investigations of the glass transition. Dielectric spectroscopy is particularly applicable because the supercooled dynamics encompass such a broad frequency range. Data on small-molecule glasses and polymers differing in T g are commonly correlated using the T g -normalized temperature dependence of the relaxation times (fragility, or steepness index, defined as m ) d log(τ)/d(T g /T)| T)Tg ). 1, 2 In place of the glass temperature, it is more appropriate to use the temperature, T R , at which the dielectric relaxation time assumes an arbitrary, long value, ca. 100 s. This T R is expected to be close to the calorimetric or dilatometric T g . The two characteristic temperatures have also been shown to have the same pressure dependence. [3] [4] [5] [6] The fragility method of classifying glass-formers derives from a configurational entropy approach to supercooled dynamics. 7 Other schemes have been utilized, in particular plotting the relaxation times as a function of T -T g , as suggested by free volume interpretations of the glass transition. 1, 8, 9 Normalizing temperature by T g appears to be the correct method, if the sensitivity of τ to temperature is expected to reflect the strength of the intermolecular cooperativity. [10] [11] [12] The combination of traditional temperature experiments with measurements at elevated hydrostatic pressure is necessary to completely characterize the dynamic state. Such experiments, which yield an order of magnitude increase in the obtained information, rely for their interpretation on models of the combined pressure and temperature dependences of dielectric relaxation times. Fytas and co-workers generalized the VogelFulcher equation to include the effect of pressure. 13 However, the predicted proportionality between T g and pressure is not generally found. [14] [15] [16] [17] The free volume model of Cohen and Grest 18 provides an expression for τ(T,P), but experimental results deviate from the predicted form. 19, 20 Bendler and co-workers 21 recently extended their defect diffusion model to consider the effect of pressure on τ. Casalini et al. 22 addressed pressure effects through an extension of the AdamGibbs entropy model. This leads to the prediction that the temperature dependence of τ (i.e., fragility) will vary with pressure, which is valid only for some materials. 17, 23 In contrast, the entropy model of Avramov 24 explicitly treats temperature and pressure dependences as separable, whereby m is not a function of pressure.
An important aspect of theoretical investigations of the glass transition is the relative emphasis given to temperature and volume as control variables. Early literature focused on the role of free volume. 8, 18, 25, 26 More recently, the idea has been espoused that the supercooled dynamics are governed by thermal energy, with any direct effects of volume discounted. [27] [28] [29] Of course, potential energy barriers reflect local steric constraints, and likewise temperature-dependent parameters can be incorporated into a free volume model; 30, 31 thus, strict distinctions between temperature and volume are to some extent pedantic. Nevertheless, it is of interest to quantify their relative contribution to the dynamics near T g . Recent studies 28, 32, 33 seem to indicate that, at least for hydrogen-bonded glass-formers, temperature primarily governs structural relaxation. However, this is not the case for nonassociated liquids and polymers, in which density exerts a very substantial role. 34, 35 In this paper we analyze literature data on the dielectric relaxation of poly(vinyl acetate) (PVAc), a chemically stable, commercially important material, commonly utilized in adhesives, coatings, and paints. PVAc has interesting structural variations and can be obtained in the atactic, and thus amorphous form, which is crucial for investigations of the glass transition. An ample dipole moment facilitates the use of dielectric spectroscopy. Early dielectric studies of PVAc were limited to relatively narrow frequency ranges. 36 However, the more recent measurements of Stickel 37 and Richert 38 encompass 16 decades of frequency, providing the most complete set of relaxation time data. Several investigators have also studied the effect of pressure on the dielectric relaxation of PVAc, with the most extensive results due to Heinrich and Stoll. 39 We analyze herein both the temperature and pressure dependence of the dielectric relaxation times of PVAc. Making use of published PVT data, we also calculate the volume dependence of the relaxation times. This enables apparent activation energies to be determined for both isochoric (constant volume) and isobaric conditions. These yield a direct measure of the degree to which volume and thermal energy govern the dynamics of PVAc at temperatures just above T g .
Results and Discussion
Atmospheric Pressure Dielectric Relaxation Times. Two dielectric investigations of unusually broad range have been carried out on the same sample of amorphous PVAc. 37, 38 The results for the relaxation time, defined from the maximum in the dielectric loss (which is approximately the most probable relaxation time), are displayed in Figure 1 . There is a subtle change in the dynamics of PVAc at a temperature of 383 K, associated with myriad property changes. 37, 40 However, the consequent deviation in τ(T) is weak and not of interest herein. The material used for these measurements had a molecular weight of 15 000 g/mol, 37 which is below the limiting values, at which the properties of PVAc become independent of molecular weight. 36 Heinrich and Stoll 39 used dielectric spectroscopy to study a higher molecular weight amorphous PVAc (M w ) 170 000 g/mol), with pressure included as a variable in their experiments. The results for P ) 0.1 MPa are included in Figure 1 , where it can be seen that both the magnitude of the relaxation times and their apparent temperature dependence are different for the two samples. From Figure 1 , we obtain T R (τ ) 100 s) ) 300.1 and 310.7 K respectively for the low and high molecular weight PVAc. These bracket the calorimetric T g of high molecular weight PVAc. 41, 42 Since the two transition temperatures are different, we must scale the respective temperatures in order to make a comparison. It has previously been shown that for relatively flexible chain polymers such as poly-(propylene oxide), 43 poly(dimethylsiloxane), 44 and poly-(methylphenysiloxane) 14 the fragility is invariant to chain length. On the other hand, for more rigid chain structures, such as polystyrene, 45 m increases with molecular weight, due to the effect of chain ends. 46 In Figure 2a , the relaxation times of the two PVAc are plotted vs the reciprocal of temperature normalized by T R . As can be seen, this superimposes the two sets of data, which means that the fragility is invariant to molecular weight. From the slope of the data in Figure  2a , we obtain m ) 88 ( 3. This is close to previously reported values for this polymer. 40, 47 An alternative method of scaling the relaxation times is shown in Figure 2b , where τ is plotted as a function of the T -T R . Note that if the data fall on a single curve vs T R /T, in principle they cannot also have the same (T -T R ) dependence. Nevertheless, within the scatter in the data, the curves in Figure 2 superpose equally well. At least for these measurements, no distinction can be made between the two scalings, derived respectively from configurational entropy and free volume arguments.
Pressure Dependence of τ. In Figure 3 we show the data of Heinrich and Stoll 39 for PVAc at pressures up to 500 MPa and temperatures up to 413 K. At higher temperatures, their results at high pressure exhibit a curvature which we believe reflects systematic error; thus, these data are not analyzed herein. Previous workers have measured τ(P) for PVAc over a more limited frequency range at pressures below 300 MPa. 3, 48, 49 Over this smaller range, the relaxation times can be taken to be proportional to exp P, yielding an activation volume defined as ∆V ) 2.303RT(∂ log τ R /∂P) T . O'Reilly 3 reported activation volumes ranging from 130 to 200 mL/mol for temperatures from 390 to 340 K. These values are ca. 5% lower than deduced from the data in Figure 3 . However, as the broader range of pressure makes evident, a description of the pressure dependence as a simple volume activated process is only an approximation.
Since the data in Figure 3 are not linear, we employ the Avramov equation 24 in which τ 0 , T R , P R , R, and are material constants. The factor of 30 arises from the derivation of eq 1 in terms of the viscosity, which assumes a value close to exp (30) poise near the glass temperature. It is retained herein for consistency with the literature. The Avramov model assumes activated transport over a random distribution of energy barriers as the mechanism for structural relaxation. Explicit consideration of volume effects is absent, although the energy barriers include intermolecular constraints, and thus volume contributions are not necessarily negated by the model. Equation 1 has been shown to describe τ(P,T) for both molecular glass formers 50, 51 and polymers, 14,52-54 provided there is no change of the temperature dependence with pressure. 55 Although some materials exhibit a change in fragility with pressure, 17,23,43,52,56 m(P) for PVAc is constant. 56 Using the best-fit values of τ 0 ) (9.37 ( 0.33) × 10 -10 s, R ) 7.11 ( 0.20, ) 1.62 ( 0.01, T R ) 302.2 ( 0.3 K, and P R ) 271 ( 4 MPa, we calculate the curves shown in Figure 3 , which satisfactorily describe the experimental data over this range of pressure and temperature.
Rearrangement of eq 1 yields the pressure dependence of T R as Note that this expression is identical to the empirical Andersson equation, 16 commonly used to describe the pressure dependences of the transition temperature. 17, 52, 57, 58 In Figure 4 , the experimental T R (≡ T(τ ) 100 s)) are plotted vs pressure, along with eq 2 using the parameters deduced from fitting the data in Figure  3 . The latter deviate somewhat from the curve obtained by fitting eq 2 directly to the T R data. This reflects some deviation of the experimental τ(P) from the Avramov equation. In the limit of zero pressure, we obtain dT R /dP ) 0.25 K/MPa. This falls within the range of literature values for the pressure coefficient of the transition temperature of PVAc, obtained by various methods. 3, 5, 59 In terms of T R and the Avramov parameters, the fragility is given by m ) R(log(τ(T R ) -log τ 0 ), yielding m ) 78 ( 4 herein. This value, calculated from all 10 isotherms in Figure 3 , is about 10% smaller than the fragility obtained by restricting the analysis to the atmospheric temperature data in Figure 1 . 
Although the Avramov equation is useful for describing simultaneously the temperature and pressure dependences, the model has a theoretical basis, with the parameters in eq 1 related to measurable thermodynamic properties. To evaluate these, we make use of PVT measurements of McKinney and Simha, 5 who expressed the specific volume of amorphous PVAc above T g in terms of the Tait equation 60 whereby the volume (in mL/g) at zero pressure (≈ atmospheric) is given by and the pressure coefficient is Note that, by convention, T is in°C in these equations.
The Avramov parameters are related according to 24 where R is the gas constant, C p the heat capacity, κ 0 the volume expansion coefficient, and V m the molar volume (the last three quantities evaluated at zero pressure). At T ) 373 K (the midrange of the data in Figure 3 ) and ambient pressure, eq 4 yields κ 0 ) 7.24 × 10 -4 K -1 and V m ) 76.2 mL/mol. The heat capacity of PVAc at this temperature and atmospheric pressure is 163 J/(mol K). 41 Inserting these in eq 6, along with the values obtained for R and from Figure 3 , yields P R ) 74 MPa. This is more than a factor of 3 smaller than the P R determined from fitting the pressure dependence of the relaxation times. The Avramov parameter P R can also be related to the pressure dependence of the thermal expansion coefficient 24 Using the value of P R obtained from fitting the relaxation times in Figure 3 , we see in Figure 5 that eq 7 overpredicts the pressure dependence of κ; that is, the value of P R is too small to account for κ(P), by almost 40%. Thus, testing the Avramov model, beyond its ability to fit τ(T,P) data, reveals discrepancies. The bestfit value of P R is too large according to eq 6 and too small per eq 7. From these results, it is clear that a physical interpretation of the Avramov parameters in eq 1 is problematic, at least for PVAc.
Relative Contributions of Temperature and Volume to τ. Pressure alters the relaxation times of a supercooled liquid by changing the volume (density), whereas temperature alters τ by changing the thermal energy as well as the volume. This is shown in Figure  6 , wherein the relaxation times from Figure 3 are plotted as a function of volume (the latter from eqs 3-5). The relative contribution of temperature and volume can be quantified by comparison of the temperature dependence of τ at constant volume to that at constant pressure, expressed in terms of the respective activation energies for isochoric, E V ) R(∂ ln τ/∂T -1 )| V , and isobaric, E P ) R(∂ ln τ/∂T -1 )| P conditions. 27,61 (These are apparent activation energies, since log τ is never directly proportional to reciprocal temperature.) A value of E V /E P equal to unity would reflect thermally activated molecular motion, with a negligible ratio indicating the dominance of volume.
From the data in Figure 6 , we obtain the relaxation times for any arbitrary fixed volume, with results shown as a function of temperature for three volumes (0.852 g V g 0.847 mL/g) in Figure 7 . Also included are the dielectric relaxation times at (constant) atmospheric pressure. The isochoric τ(T) curves intersect the isobaric data at values of the relaxation time equal to 1, 10, and 100 s. From the slopes of the curves at these loci, which are in the vicinity of the glass transition, E V /E P ≈ 0.6. This indicates that thermal energy and volume both 
V(T,P)
exert a significant influence on the dynamics of supercooled PVAc. The ratio of apparent activation energies can also be evaluated from 62 where the thermal pressure coefficient, γ ) (∂P/∂T) V , is calculated from the PVT data (eq 3). For V ) 0.85 mL/ g, we obtain γ ) 1.31 MPa/K. The quantity (∂T/∂P) τ evaluated at τ ) 100 s is just the pressure dependence of the glass transition, dT R /dP ) 0.25 K/MPa. Thus, from eq 8 we calculate that E V /E P ) 0.67, which is comparable to the value of this ratio deduced from Figure 7 . This equivalence is a tautology, since the two calculations derive from the same experimental data.
An alternative means of gauging the relative influence of temperature and pressure, suggested by Ferrer et al., 28 is from the ratio of the thermal expansion coefficient at constant pressure, R P ) -F -1 (∂F/∂T) P , to the coefficient of thermal expansivity at constant value of the relaxation time, R τ ) -F -1 (∂F/∂T) τ . A value of |R τ |/ R P . 1 implies thermally activated dynamics, whereas this ratio is closer to unity if volume plays an important role.
The densities at atmospheric pressure, calculated from the PVT data (eq 4), are shown in Figure 8 . Also displayed are the densities, calculated using eqs 1 and 3, for pressures at which τ ) 100 s. From the slopes of the two lines, we obtain |R τ |/R P ) 1.8. This ratio is unchanged if the calculation is done at a higher temperature, for example corresponding to τ ) 1 s ( Figure  8) . Consistent with the analysis of the apparent activation energies, the small magnitude of |R τ |/R P indicates that both temperature and volume significantly influence the dynamics of PVAc near its glass transition.
Summary and Concluding Remarks
Comparing dielectric relaxation times for two PVAc, we find that fragility is independent of molecular weight, for M w low enough to depress T g by 10 deg. The fragility is also invariant to pressure; thus, we can employ the Avramov model to analyze the combined T and P dependences. Although the model accurately describes the experimental isotherms for P e 500 MPa, the parameters obtained by fitting the τ(T,P) data are not consistent with the values independently calculated from thermodynamic quantities. Thus, the Avramov model's utility herein is limited to parametrization of the experimental results.
Making use of published PVT measurements for PVAc, we express the dielectric relaxation times as a function of volume. From these data, the isochoric and isobaric (apparent) activation energies are calculated. The ratio of the two activation energies is ∼0.6, which indicates that both temperature and volume influence the magnitude of the relaxation times. This conclusion is supported by the ratio of the thermal expansion coefficients, |R τ |/R P ) 1.8.
In Table 1 we compare our findings for PVAc to results for other glass-formers, both molecular 6, 28, [32] [33] [34] 51, 62 and polymeric. 33, 54, 63, 64 The general observation is that for van der Waals liquids neither temperature nor pressure is the dominant variable controlling τ. For polymers such as PVAc and poly(methyl acrylate), polar interactions may increase somewhat the role of temperature; however, it is only for the polyalcohols in Table  1 , associated with extensive hydrogen bonding, that the effect of volume can be neglected. 33 The reduced efficacy of volume in H-bonded liquids reflects two competing effects: 33, 66 As pressure increases, molecular crowding, and consequently stronger intermolecular cooperativity and more heterogeneous dynamics, retard structural relaxation. However, orientation-specific interactions, such as H-bonding, are suppressed by pressure, [67] [68] [69] which has the effect of 
enhancing molecular mobility. Temperature effects, on the other hand, reinforce one another; reduced thermal energy slows molecular mobility both directly and by promoting specific interactions. The consequence is that for associated liquids in the supercooled regime temperature dominates the dynamics.
Whereas the magnitude of E V obviously is determined by the contribution of thermal energy to the relaxation times, it has been suggested that nonlinearity in a plot of log τ vs 1/T at constant density also reflects solely the effect of temperature. 28, 70 This idea is not borne out the results in Figure 6 , in which significant curvature is observed in the constant density curves. For the materials in Table 1 , we can compare the fragility, which measures the activation energy at constant pressure, to the magnitude of the volume contribution to τ. Values of m collected from the literature are listed in Table 1 and plotted vs E V /E P and |R τ |/R P in Figure 9 . We exclude the hydrogen-bonded polyalcohols. From these results, it is tempting to suggest that for van der Waals glass-formers a weak general trend may exist between more thermally activated dynamics and greater deviation from non-Arrhenius behavior. Relationship between fragility and the two parameters characterizing the relative contribution of temperature and density to the relaxation times for the nonassociated glassformers in Table 1 (EV/EP, 9; |Rτ|/RP, O).
